The present study investigated the effect of signal transducer and activator of transcription 3 (Stat3) interference on RM1 prostate cancer cell viability in vitro, using plasmid-based Stat3 specific short hairpin RNA (sh-Stat3) delivered by hydroxyapatite nanoparticles (HAP). HAP carrying sh-Stat3 plasmids were transfected into tumor cells. MTT assays were used to measure RM1 cell viability 24 and 48 h following transfection, and the apoptosis rate and cell cycle phase distribution were determined by flow cytometry. Stat3 mRNA expression levels were measured by reverse transcription-quantitative polymerase chain reaction and Stat3, Cyclin D1, B cell lymphoma 2 apoptosis regulator (Bcl-2), vascular endothelial growth factor (VEGF), Bcl-2 associated X apoptosis regulator (Bax) and cleaved-caspase-3 protein expression levels were detected using western blot analysis. The results demonstrated that HAP-delivered sh-Stat3 significantly decreased RM1 cell viability through the promotion of cell cycle arrest and apoptosis. Stat3 mRNA and protein expression levels were significantly downregulated in RM1 cells. Bcl-2, VEGF and Cyclin D1 were also significantly downregulated, but cleaved-caspase-3 and Bax mRNA and protein expression levels were significantly upregulated. HAP-delivered sh-Stat3 decreased RM1 cell viability in vitro, and HAP assisted plasmid-based delivery of shRNA into tumor cells. The present results suggest that HAP may be a useful method for successful shRNA delivery into tumors.
Introduction
Hydroxyapatite (HA; Ca 10 (PO 4 ) 6 (OH) 2 ) is a major component of hard tissues such as tooth and bone (1) and has been used as a biomaterial in multiple applications, including tissue engineering and bone repair (2) . HA has been used effectively as a carrier for bioactive molecules, including proteins and DNA, as its biocompatible and porous properties allow it to deliver proteins and genes into cells (3) . Previous research has focused on the application of HA as a treatment for bone-associated diseases (4) , but research regarding the use of HA as a drug delivery system (DDS) in other tissues remains scarce. One disadvantage associated with the use of HA for DDS is low dispersal in water, making the formulation of a drug-loaded HA treatment of particular importance for development of HA as a DDS. The rise of nanotechnology has provided novel tools and methods for the study of gene carriers. Among these, calcium phosphate nanoparticles have emerged as a vector for nonviral gene delivery (5, 6) . Hydroxyapatite nanoparticles (HAP) containing pEGFP-N1 plasmids have been reported to transport DNA into gastric cancer cells without any considerable cytotoxicity (7) . Tan et al (8) demonstrated that HAP with protamine enhances the efficiency of gene transfection. Sun et al (9) used HAP to deliver the neurotrophin-3 (NT-3) gene into the cochlear neurons of guinea pigs both in vitro and in vivo, and further demonstrated that polyethylenimine-induced surface alteration of HAP permitted specific genetic materials to pass through intact round window membranes in chinchillas with low toxicity and high transfection efficiency (10) . Yan-Zhong et al (11) used arginine-modified nanohydroxyapatite to modify the surface charge of HAP and demonstrated an enhanced adsorption capacity in human epithelial cells. CaCl 2 -modified HAP has also been previously demonstrated to mediate the transfection of small interfering (si-)signal transducer and activator of transcription 3 (Stat3) plasmids into murine prostate cancer cells in vivo, resulting in significant inhibition of cancer growth (12) . These previous studies demonstrate that HAP may be a safe and effective gene vector with potential clinical applications.
RNA interference (RNAi) is a method of post-transcriptional gene silencing. Short hairpin RNA (shRNA) has previously been recognized as a promising novel antitumor strategy (13) , but the efficient delivery of shRNA remains a challenge for shRNA-based therapies. Nanomedicine is an emerging field that combines medicine with nanotechnology, and nanoparticles have been used as diagnostic probes in targeted therapies. Hydroxyapatite has been used as a novel biomaterial to treat oral cavities and enhance bone repair, and as a medicine carrier possesses good tissue compatibility both in vivo and in vitro (14, 15) . Compared with viral vectors, which pose the danger of immunogenicity and pathogenicity, HAP has high osteoconductivity and favorable biocompatibility, and/or osteoinductivity without proinflammatory or immunogenic side effects (16) (17) (18) . HAP inhibits tumor cell growth directly (19) , and is a useful gene delivery system due to its efficiency, safety and economy (12) .
DNA vector-based Stat3-specific RNAi (sh-Stat3) silences Stat3 and inhibits prostate tumor development (13) . However, this antitumor activity depends on the efficiency of delivery. The present study examined the effect of hydroxyapatite-transported sh-Stat3 on the growth of murine prostate cancer cells. A previous study demonstrated that sh-Stat3 significantly suppresses Stat3 expression and inhibits prostate cancer cell growth (12) . In the present study, HAP was used to deliver DNA-vector-based sh-Stat3 to treat prostate cancer in vitro, and the in vitro antitumor effects and mechanisms were examined to provide a theoretical basis for future clinical use.
Materials and methods
Materials. The mouse prostate cancer cell line RM1 was purchased from the Shanghai Institute of Cellular Research (Shanghai, China). The cells were cultured in Iscove's modified Dulbecco's medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 100 IU/ml penicillin and 100 µg/ml streptomycin in a humid atmosphere (37˚C, 5% CO 2 , 95% air). Plasmids containing sh-Stat3 (sequence GCAGCAGCTGAACAACATG, corresponding to nucleotides 2,144 to 2,162; Genbank accession no. NM_003150) were constructed in situ. According to previous research, the sh-Stat3 most effective at inhibiting cancer growth is located at the SH2 domain of the mouse and human Stat3 genes (20) . A negative control scrambled shRNA sequence (sh-scramble; Ambion; Thermo Fisher Scientific, Inc.) lacking homology to mouse or human gene sequences was used to determine the frequency of nonspecific effects. HAP nanoparticles were purchased from Nanjing Emperor Nano Material Co., Ltd. (Nanjing, China).
Cell culture, transfection and measurement of cell growth.
Cell cultures, HAP and transfection plasmids were prepared as previously described (12) . For transfection, RM1 cells in the logarithmic growth phase were seeded in 12-well plates (1x10 5 cells/well). When the cells reached 50% confluence, they were transfected with sh-Stat3 (HAP/sh-Stat3 group) or sh-scramble (HAP/sh-scramble group) plasmids, delivered with HAP, for 48-72 h prior to analysis of mRNA and protein levels, cell apoptosis and viability. As controls, untransfected cells (mock) and cells treated with HAP alone (HAP group) were also used.
Cell viability following plasmid treatment was measured by MTT assay. RM1 cells were seeded in 96-well plates and incubated at 37˚C for 24 and 48 h in the presence of sh-Stat3 or sh-scramble plasmids. Then, 10 ml of MTT (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) at a concentration of 5 mg/ml in phosphate buffered saline (PBS) was added to each well, and incubated for 4 h at 37˚C. Following removal of the culture medium, the formazan crystals were solubilized in 100 µl dimethyl sulfoxide (Sigma-Aldrich; Merck Millipore) and shaken for 15 min. Absorption was measured at 570 nm on a microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Each assay was performed nine times.
Apoptosis and cell cycle assessment. RM1 cells (1x10 6 cells per well) were treated with shRNA-Stat3 and scramble shRNA plasmids for up to 48 h, collected, and resuspended in 100 µl PBS, and incubated at room temperature for 5-15 min in the dark with 5 µl Annexin V-fluorescein isothiocyanate (eBioscience; Thermo Fisher Scientific, Inc.), then with 5 µl propidium iodide (PI; Beckman Coulter, Fullerton, CA, USA) for 30 min at room temperature in the dark. Flow cytometry was performed to measure apoptosis rates, using an Epics-XL-MCL flow cytometer (Beckman Coulter, Inc.). Data was analyzed using FlowJo v10 software (Tree Star, Inc., Ashland, OR, USA).
Cell cycle distribution was analyzed by measuring the DNA fragments stained with PI. RM1 cells (1x10 6 ) grown in 6-well plates were harvested and centrifuged 48 h following transfection. Cells were counted and washed twice with pre-cooled PBS. Then, cells were fixed and permeabilized overnight by adding 1 ml of 70% (v/v) pre-cooled ethanol to each tube at 4˚C. Following centrifugation at 3,000 x g for 5 min, the fixatives were decanted and 1x10 6 cells were resuspended in 0.5 ml staining solution, containing 50 µg/ml PI and 100 µg/ml DNase-free RNase (Sigma-Aldrich; Merck Millipore) and incubated for 30 min at room temperature in the dark. Finally, cells were analyzed by flow cytometry using a FACScan™ system (BD Biosciences, San Jose, CA, USA) and data analysed using CellQuest™ software (version 3.3; BD Biosciences).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) assay. The mRNA expression level of Stat3 and Stat3 downstream genes was determined using semi quantitative RT-PCR. Cells treated with sh-Stat3 or sh-scramble were collected following 48 h incubation, and total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Reverse transcription was performed with 2 µg of total RNA using a commercially available RT-PCR kit (cat. no. A4051; Promega Corporation, Madison, WI, USA) according to the manufacturer's instructions, following DNAse I (cat. no. D5025-15KU; Sigma-Aldrich; Merck Millipore) treatment. The primers used for PCR are displayed in Table I . Each reaction (20 µl samples) was carried out under the following cycling conditions: Initialization for 10 min at 95˚C and then 40 cycles of amplification, with 15 sec at 95˚C for denaturation and 1 min at 60˚C for annealing and elongation. A standard curve was plotted for each primer probe, established by using a serial dilution of pooled cDNA from cells. All standards and samples were conducted in triplicate, normalised to β-actin, and relative fold changes in mRNA expression were calculated using the formula 2 -ΔΔCq (21) .
Western blot analysis. Cell lysis, protein quantification and western blot assays were performed as previously described (22 Statistical analysis. Quantitative data were expressed as the mean ± standard error of the mean. Statistical analysis was performed with SPSS version 13.0 (SPSS Inc., Chicago, IL, USA), and one-way analysis of variance followed by Tukey's test was used to compare the differences between groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Stat3 expression. To calculate the ability of HAP-delivered plasmids to silence Stat3 expression, RT-qPCR and western blot assays were used to analyze Stat3 mRNA and protein expression levels, respectively, in RM1 cells. The results demonstrated that Stat3 mRNA expression was significantly decreased in HAP/sh-Stat3-transfected RM1 cells compared with cells transfected with HAP/sh-scramble (P<0.01; Table II ). Stat3 and p-Stat3 protein levels were also significantly decreased in HAP/sh-Stat3-transfected RM1 cells compared with RM1 cells transfected with HAP/sh-scramble (P<0.01; Fig. 1 ).
HAP-delivered sh-Stat3 treatment decreases cell viability in RM1 cells.
Cell viability in the HAP/sh-Stat3 group was significantly inhibited compared with the HAP/sh-scramble and Mock groups at 24 h (P<0.01 and P<0.01, respectively; Fig. 2 ) and at 48 h (P<0.01 and P<0.01, respectively; Fig. 2 ). However, HAP, HAP/sh-scramble and HAP/sh-Stat3 transfection all reduced cell viability at 48 h compared with the Mock group; with growth inhibition rates of 12.41±0.74, 13.98±3.12 and 44.40±1.13%, respectively (Fig. 2) .
HAP-delivered sh-Stat3 treatment results in G1 arrest and increased apoptosis in RM1 cells. Treatment with HAP-delivered sh-Stat3 induced significantly increased levels of apoptosis in RM1 cells compared with HAP-sh-scramble cells, HAP-only cells and Mock control cells (P<0.01,
P<0.01 and P<0.01, respectively; Fig. 3 and Table III ). To determine whether this was associated with specific modifications in the cell cycle, cell cycle analysis was performed in RM1 cells transfected with sh-Stat3 or sh-scramble. HAP/sh-Stat3-treated cells were significantly accumulated in the G1 phase compared with Mock treated cells (P<0.01; Table III ), indicating that sh-Stat3 treatment promotes G1 arrest. Overall, these findings demonstrate that Stat3 treatment decreases the viability and survival rate of RM1 prostate cancer cells. Expression levels of Stat3-associated genes. Previous studies have indicated that Stat3 induces the expression of multiple genes, including the anti-apoptotic protein Bcl-2 and Cyclin D1, which promotes cell division (22) . To determine the effect of sh-Stat3 treatment on the expression of Stat3-associated genes, RT-qPCR and western blot assays were performed. The results demonstrated that in HAP/sh-Stat3 treated cells compared with Mock treated cells, Bcl-2, VEGF and Cyclin D1 mRNA expression levels were significantly decreased (P<0.01, P<0.01 and P<0.01, respectively; Table II) and protein expression levels also significantly decreased compared with HAP/sh-scramble treated cells (P<0.01, P<0.01 and P<0.01, respectively; Fig. 4 ). However, caspase3 and Bax levels were significantly increased in HAP/sh-Stat3 treated cells compared with controls (mRNA expression levels, P<0.01 and P<0.01, respectively; Table II ; protein expression levels, P<0.01 and P<0.01, respectively; Fig. 4 ). These results indicate that treatment with HAP-delivered sh-Stat3 interferes with the transcriptional activity of Stat3 and alters the expression of its downstream genes.
Discussion
Prostate cancer is the second most frequently diagnosed cancer and the sixth leading cause of cancer-associated mortality in men worldwide (23, 24) . Despite advances in surgical techniques and radiotherapy, prostate cancer continues to pose a medical challenge, with gaining an in-depth understanding of its molecular pathogenesis and the development of novel therapeutic options being of significant importance to global health. As prostate cancer represents an accumulation of genetic mutations in cells and resultant altered function, a potential novel treatment for this cancer is gene therapy (25) . Stat3 is a transcription factor encoded by the STAT3 gene in humans. It is a member of the STAT protein family, which mediates multiple cellular functions including immunity, proliferation, apoptosis and differentiation. Elevated Stat3 activity has been previously observed in primary tumor tissues and prostate cancer cell lines, and is correlated with tumori-, and is correlated with tumori-with tumorigenesis (26) . Notably, abnormal Stat3 activation is associated with prostate cancer progression (27) . Constitutive activation of Stat3 signalling represents one of the key molecular events in the multistep process of carcinogenesis, and inhibition of Stat3 activation is a potential therapeutic strategy for anti-tumor therapy (28) .
In a previous study, DNA vector-based Stat3-specific RNAi was demonstrated to decrease Stat3 signalling (13) . However, the efficacy of shRNA-mediated interference relies Table III . Effect of HAP-delivered sh-Stat3 plasmids on apoptosis and the cell cycle in RM1 cells.
Group (n=3)
Apoptotic cells (sum of Q2+Q4 quadrants in Fig. 3 on efficient delivery of shRNA oligonucleotides and the major weaknesses that limit most delivery systems' wide application are the potential for oncogenesis or mutagenesis, host immune responses, and high cost (29) . Nonviral shRNA delivery does not elicit an immune response, demonstrates improved drug target validation and permits multiple administrations of shRNA, an essential attribute for the therapeutic application of shRNA. Sun et al (9) used HAP as a novel vector for inner ear gene therapy, and previous results have demonstrated that Ca 2+ modified HAP mediates sh-Stat3 plasmid transfection into mouse prostate cancer cells in vivo and in vitro, causing significant inhibition of cancer growth (12) . This supported previous reports which demonstrated HAP transfection efficiency reaches ~50-80% of liposome-mediated transfection (30) . The present study revealed that HAP alone exerted antitumor effects: HAP carrying sh-scramble inhibited cancer cell proliferation compared with control, although this inhibition was much stronger when HAP was combined with sh-Stat3. The mechanisms may be related to the intrinsic properties of nanoparticles, and need further research. This result was consistent with the study of Zhu et al (30) , in which treatment with HAP alone inhibited hepatocellular carcinoma cell proliferation in vitro. Therefore, the antitumor effect of HAP may be further improved while combined with sh-Stat3.
In the present study, the involvement of Stat3 in promoting prostate cancer cells proliferation in vitro was confirmed. Stat3 mRNA and protein expression levels were down-regulated in RM1 cells following sh-Stat3 treatment, implying that HAP transports sh-Stat3 into cancer cells, resulting in the inhibition of Stat3 expression levels. These findings demonstrate that the HAP that carried sh-Stat3 exerts a potent antitumor effect in vitro through decreasing cell viability and the promotion of apoptosis. The data displayed in Table II suggest that inhibition of cancer cell viability was due to a combination of cell cycle arrest and activation of apoptosis. Furthermore, the expression of pro-apoptotic factors including caspase3 and Bax were significantly upregulated in the sh-Stat3 group, while anti-apoptotic factors such as Cyclin D1 and Bcl-2 were significantly downregulated. Previous studies have revealed that Stat3 upregulates several anti-apoptotic proteins' expression, including Bcl-2 and B cell lymphoma-extra large (Bcl-xL) (31) , which are key components of mitochondrial apoptotic pathways. Therefore, sh-Stat3 transfection-induced apoptosis of cancer cells may partially result from the activation of mitochondrial apoptosis pathways (32) . Additionally, western blot assays revealed that VEGF expression levels in cancer cells were significantly decreased following sh-Stat3 transfection. Reduced VEGF levels resulting from Stat3 knockdown were expected because VEGF expression has been previously demonstrated to be upregulated by Stat3 (33) .
The present study confirmed that HAP is a useful vector for plasmid-based shRNA delivery into cancer cells in vitro, with the proliferation of RM1 cancer cells inhibited by the HAP-delivered sh-Stat3. These findings suggest the potential of HAP as an effective gene delivery vehicle for shRNA-based cancer therapy. However, further modification of HAP is required to enhance transfection efficacy and expedite clinical applications. In conclusion, nanoparticle-mediated sh-Stat3 delivery has potential clinical applications for the treatment of prostate cancers. 
